Light emission and the ESRspectra of tea leaves treated in various ways were studied. The fresh leaf showed a delayed light emission, which decreased exponentially with half times of 15 and 54 seconds. Whenthe leaf was ground in water, the delayed light emission became small, because of destruction of the chloroplasts, and almost time-independent chemiluminescence was emitted. The chemiluminescence became very strong when the leaf was ground in an NaOHsolution. ESRspectra of the tea leaf ground in water showed a singlet absorption attributable to an organic free radical, overlapping the six-line absorption due to the Mn2+ion. The intensity of the radical became high when the leaf was treated with the NaOHsolution and increased with time. In the case of the leaf ground in an NaCl solution, the singlet signal did not appear. These results suggest that the chemiluminescence and singlet absorption of the ESR spctra are attributable to oxidation of the catechins.
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Tea contains various pharmacologically effective ingredients, as well as being a popular bevarage. Catechins are major componentsin tea and have been recently paid much attention, because they exihibit an anti-tumor activity,1} hypocholesteromic effect2) and antioxidative activity. 3)
In the previous paper,40 we showed that radicals were formed during the processing of green tea, and that the amount increased with the progress of processing. The formation of radicals was attributable to the oxidation of polyphenols.
In this work, we examined the light emission and the formation of radicals from tea leaves treated in various ways. The results are discussed in connection with catechins.
Experimental
Fresh tea (cv. Yabukitd) leaves were collected several minutes before the experiments.
Light emission was measured with an OX-7 chemiluminescence analyzer from Tohoku Denshi Co., Ltd. The fresh leaves were placed flat in a cell madeof stainless steel, and the light emission was 3105 measured just after the cell had been placed in a dark room.It took about two seconds to start counting after shading the light. After that, the leaf was treated in various ways and again placed in the cell, the emission being measured in the same manner, so that the same leaf was used throughout one experiment. All the measurements were carried out at roomtemperature. ESRsamples were prepared by grinding each tea leaf in a mortar with a few ml of water, NaOHsolution or NaCl solution by using a pestle as described in a later section. The mixture was then sucked into a capillary tube of 0.8mm o.d. for ESR measurements. ESR spectra were recorded at room temperature on a JEOL Model JES-RE3X spectrometer (X-band) with 100kHz field modulation.
NaCl (Wako) and NaOH (Wako) were guaranteed reagents.
Results and Discussion
The green color of the leaves and their extracts change to brown while the leaves are exposed to air. In the previous paper,4) we showed that the color change during the processing of green tea was accompaniedby the formation of radicals, and that the amount of the radicals increased with the progress of processing. This was considered to be attributable to the autoxidation of polyphenols. In living cells, polyphenols are oxidized with polyphenoloxidases.
With regard to the processing of green tea, most of the enzymes may be destroyed by steaming in the first subprocess.^Therefore, autoxidation is a possible mechanismfor the oxidation of polyphenols after this process. On the other hand, the browning of apple after wounding proceeds enzymatically and causes the formation of radicals.6) These processes are sometimes accompanied by light emission. Therefore, we first examined the light emission from fresh leaves just after harvesting. Figure 1 shows the light emission intensity of a fresh leaf (4cm length, 2cm width) vs. Time. Here, the fresh leaf was left under natural light in a roomfor several minutes and then placed in the cell of the chemiluminescence analyzer. After that, the light was shaded by closing the cell door and counting of the photons emitted from the leaf began. It took about two seconds to start counting after shading the light. The intensity of the light emission decreased exponentially and approached the value of the background.
However, if the leaf was taken out and exposed to natural light again for several seconds before re-measurement was carried out, almost the same curve was obtained. In another case, we illuminated the leaf for several seconds with strong light, using a tungsten lamp (300W) at a distance of about 20cm, but the intensity of the light emission hardly changed. These results suggest that the ability of light emission from the leaf mayhave been sufficiently saturated by the natural light in the room. The kinetics for the decrease of emission were analysed by using a graphical method. First, the logarithm of the values, /(/)-7(0), were plotted against time, /. Here, I{i) is the intensity at / and 7(0) is the time-independent contribution that was estimated by extrapolating the curve in Fig. 1 to infinity. The resulting curve was not straight in the full range of measured /, showing that the curve cannot be expressed by one exponential term. However, it is conceivable that the curve is an overlap of two exponential terms having different half-life periods, t1 and t2. These values were determined from the slopes of the tangential lines at both ends. Thus, 7(7) is the sum of two exponential terms and a constant, as follows:
7(0=7o>1 exp(//T1)+7o?2 exp(r/i2)+7o (1) The amplitudes, 70 1 and 70 2 were obtained after adjusting them in order to get better fitting. Half-life periods tx and t2 were 15 and 54 sec, respectively. Such sustainable emission is not common in simple molecules, but has been reported in plants and algae,7'8) and has been called "delayed light emission" being attributed to the reverse reaction of the photosynthesis. The same leaf was then cut into 128 pieces (smaller than lmmx 10mm) with scissors and the emission was measured. As shown in Fig. 1 , curve B, the intensity was lower in the early phase and higher in the later phase than those of curve A. After grinding the leaf pieces, this tendency became more obvious (curve C). Analysis of these curves showed that the foregoing constants changed from the fresh leaf to the ground leaf as follows: 70 1; 49000 -åº 19000 (counts/10sec) Ioa; 3700^1000 Io ; 650-» 1300
The decrease in 704 and 70 2, which means that the intensity due to the delayed light emission decreased, is attributable to the destruction of chloroplasts as a result of grinding the leaf. On the other hand, 70 was equal to the background level in the case of the fresh leaf, but doubled for the ground leaf. This means that a time-independent emission mechanismnewly emerged. As it has been reported that some plants showchemiluminescencewhenwounded,1X) this time-independent emission also seems to be the result of chemiluminescence caused by wounding the leaf.
In the next experiment, the effect of steaming was examined. The fresh leaf was exposed to steam for a minute as with the processing of green tea, the results being shown in Fig. 2 . The leaf before treatment shows almost the same curve as that in Fig. 1A , but the delayed light emission disappeared completely after steaming. On the other hand, 70 increased a little with time after the treatment. Steaming undoubtedly destroyed the chloroplasts, as could be ascertained by the change of color from green to light green, which resulted in the disappearance of the delayed light emission.
Treatment with an aquous NaOHsolution was then examined. The fresh leaf was cut into small pieces as in the case in Fig. 1 , and ground with 2 ml of an NaOHsolution. Light emission was measured immediately after that, and the delayed light emission almost disappeared after this treatment. On the contrary, Io became eight times higher than the background level (Fig.   3 ). Io was dependent on the concentration of A, intact leaf; B,just after steaming for a minute; C, 1.5hr after steaming; D, background level. A, intact leaf; B, just after the treatment; C, one hour after treatment; D, two hours after treatment; E, three hours after treatment; F, background level. NaOH;for example, the values of/0 were 5000, 2800 and 1400 counts/10 sec for 0.1, 0.01 and 0.001 m NaOH, respectively. The increase was apparently not linear with the increase in concentration, but showed a saturation trend. Io was independent of time for the measured period (180 sec). However, this was not the case whenthe sample was held in the air for several hours. The light emission of the sample ground with 4ml of0.1 m NaOHwere measured every hour (Fig. 4) , Io decreasing with the progress of time. This meansthat the componentrelated to the light emission disappeared with time.
The origin of/0 is not the photosystem, and seems not to relate to the viability of the leaf. Slawinska has shown that singlet oxygen participates in the autoxidation of polyphenols and quinones and causes chemiluminescence.12) In addition, the intermediate containing the active carbonyl group formed by ring fission during the precess of autoxidation also emitted the light.13)
Chemiluminescence was also observed when gallic acid was oxidized by the Trautz-Shorigin reaction. 14) Polyphenols are more oxidizable in alkaline than in neutral and acidic solutions, suggesting that the origin of Io in the tea leaf is also polyphenols. Tea leaves contain considerable amounts of catechins as polyphenols, so the oxidation of catechins is considered to be the origin of 70. It is known that semiquinone-type radicals are formed during the oxidation of polyphenols. Figure 5 shows the ESRspectrum of a tea leaf ground with 2ml of water. Six lines with almost the same height were observed. This is a typical spectrum of the mobile Mn2+ion.17) However, the line width of each line is larger than that of the ion coordinated with six water molecules as ligands, Mn2+ (H2O)6. This may have been due to the change of ligand molecules.
Just after grinding, a weak singlet atg = 2.003 overlaps on the six-line absorption as shown with an arrow in Fig. 5A . Three hours later, the intensity of this absorption had increased slightly (B). This signal is attributed to an organic free radical. The spectrum, however, changed greatly after the sample was freezedried (C), especially remarkable being the change in line shape of the Mn2+absorption. This may have been due to the immobilization of the Mn2+ ion by drying the sample, resulting in a large increase in the line width. Another point is that the intensity of the free radical became higher. In the case of melanin dispersed in water, the amount of the radical generally increased when the sample was dried.18) The radical formed in the tea leaf shows a singlet absorption similar to those of the semiquinone radicals in melanin, and the intensity increased by drying. These facts are the basis on which to suppose that a semiquinone-type radical was formed in the ground tea leaf.
The ESR spectrum changed greatly when the leaf was ground in 0.1m NaOH (Fig. 6) . The hyperfine structure of the Mn2+ ion disappeared, and a very broad singlet with a peak-to-peak width of about 40mT was observed. This singlet resulted from a strong spin-spin or spin exchange interaction between Mn2+ ions.19) This is also different from that of the freeze-dried sample. Therefore, it is supposed that the state of the Mn2+ion had changed, i.e., the original structure was destroyed and the ions were coagulated. On the other hand, the intensity of absorption of the radical apparently increased compared with those in Fig. 5 , the intensity increasing with the time of exposure to air (Fig. 7) . These characteristics in an alkaline solution again imply that the semiquinone type of radical was formed. 1 8)
The oxidation of polyphenols proceeds by autoxidation or enzymatically with polyphenol oxidase. In the case of apple, browning proceeds enzymatically, and organic radicals attributable to polyphenols are formed. However, the browning is suppressed by treating with aqueous NaClsolution, as was reported in the previous paper.6) Therefore, we tried to measure the ESRspectra of a tea leaf ground in a 10 wt% NaCl solution. As shown in Fig.  8 , no absorption of the radical was observed at all in the position indicated by an arrow, where the signal was found for the sample ground in water. It did not even emerge after three hours. On the other hand, the line shape of each six line became sharper than that of the Mn2+ ion in Fig. 5 , and resembles that of the ion trapped in a small molecule, which allows rapid rotation of the ion. This means that the Mn2+ ion was released by the treatment with an NaClsolution. The color of the tea leaf and the extract were hardly changed by treating with the NaCl solution, showing that browing did not occur. Fromthese results, the following conclusions can be drawn: Tea leaves show light emission caused by the photosystem in the intact state.
However, when ground in water, enzymatic oxidation of polyphenols, presumably catechins, begins. This oxidation is accompanied by weak chemiluminescence. In addition, the radicals of polyphenols are formed in this precess. Whenthe leaf is ground in an NaOH solution, autoxidation proceeds rapidly, and the chemiluminescence becomes stronger as the amount of the radical increases. The radicals are not formed whenthe leaf is ground in an NaCl solution.
The light emission and the radical formation of tea catechins is now being studied.
